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ABSTRACT
We present results from a high-resolution, cosmological, ΛCDM simulation of a group of field dwarf galaxies with the “superbubble”
model for clustered SN feedback, accounting for thermal conduction and cold gas evaporation. The initial conditions and the galaxy
formation physics, other than SN feedback, are the same as in Shen et al. (2014). The simulated luminous galaxies have blue colors,
low star formation efficiencies and metallicities, and high cold gas content, reproducing the observed scaling relations of dwarfs
in the Local Volume. Bursty star formation histories and superbubble-driven outflows lead to the formation of kpc-size DM cores
when stellar masses reaches M∗ > 106 M, similar to previous findings. However, the superbubble model appears more effective in
destroying DM cusps than the previously adopted “blastwave” model, reflecting a higher coupling efficiency of SN energy with the
ISM. On larger scale, superbubble-driven outflows have a more moderate impact: galaxies have higher gas content, more extended
stellar disks, and a smaller metal-enriched region in the CGM. The two halos with Mvir ∼ 109 M, which formed ultra-faint dwarf
galaxies in Shen et al. (2014), remain dark due to the different impact of metal-enriched galactic winds from two nearby luminous
galaxies. The column density distributions of H I, Si II, C IV and O VI are in agreement with recent observations of CGM around
isolated dwarfs. While H I is ubiquitous with a covering fraction of unity within the CGM, Si II and C IV are less extended. O VI
is more extended, but its mass is only 11% of the total CGM oxygen budget, as the diffuse CGM is highly ionised by the UV
background. Superbubble feedback produces C IV and O VI column densities that are an order of magnitude higher than those with
blastwave feedback. Thus, the CGM and DM cores are most sensitive probes of feedback mechanisms.
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1. Introduction
Within the standard Λ Cold Dark Matter (ΛCDM) model, the
Universe today consists of photons and ordinary matter (∼ 5%),
a cold and collisionless form of matter known as dark matter
(∼ 27%) and a cosmological constant Λ (∼ 68%) which de-
scribes the dark energy component, responsible for the late time
accelerated expansion. The ΛCDM model has been very suc-
cessful when describing the large–scale properties of the ob-
served Universe. However, small scales are still a source of unan-
swered questions.
The first generation of cosmological dark matter-only simu-
lations has shown the existence of severe tensions between the-
oretical predictions of the ΛCDM model and astronomical ob-
servations. In the Core-Cusp problem, in small and heavily dark
matter dominated galaxies, dark matter halos exhibit central den-
sity profiles characterised by an almost constant density core (Oh
et al. 2015; Agnello & Evans 2012; Adams et al. 2014; Amorisco
& Evans 2011; Walker & Peñarrubia 2011; Battaglia et al. 2008;
Flores & Primack 1994; Moore 1994), which seems to be incon-
sistent with steeper central densities of dark halos found in dark
matter-only simulations of the ΛCDM model, such as Dubin-
ski & Carlberg (1991) and Navarro et al. (1996). Furthermore,
several numerical studies, such as Springel et al. (2008), Kuhlen
et al. (2009), Stadel et al. (2009), Garrison-Kimmel et al. (2014),
and Griffen et al. (2016), have shown how the ΛCDM paradigm
predicts the formation of a large number of dark matter subha-
los, many more than the actual number of observed satellites or-
biting M31 and the Milky Way, raising the so-called Missing
Satellite problem (Moore et al. 1999). In addition, the most mas-
sive subhalos found in dark matter-only simulations of Milky
Way-mass halos have higher peak rotation velocities than the
observed Milky Way satellites, and the fact that these seemingly
more massive satellites are not observed in the Local Group is
often framed as the Too Big To Fail problem (Boylan-Kolchin
et al. 2011; Boylan-Kolchin et al. 2012).
While many alternative dark matter models have been pro-
posed to solve the small-scale crisis (see e.g., Bertone et al. 2005;
Steffen 2009; Bergström 2009), many recent simulations have
shown that environmental effects such as ram pressure and tidal
stripping, together with ultraviolet (UV) background heating and
stellar feedback, can either regulate gas condensation at the cen-
ter of galaxies or eject the gas altogether. Baryonic physics may
therefore explain the dwarf low star formation efficiencies, their
low abundance compared to the high number of low-mass DM
structures predicted by the ΛCDM model, and provide a solution
to the missing satellite problems (Hoeft et al. 2006; Okamoto
et al. 2008; Madau et al. 2008; Governato et al. 2010; Simp-
son et al. 2013; Munshi et al. 2013; Brooks & Zolotov 2014;
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Noh & McQuinn 2014; Governato et al. 2015; Trujillo-Gomez
et al. 2015; Sawala et al. 2016; Wetzel et al. 2016). In addi-
tion, it was shown that rapid bursts of star formation and out-
flows due to stellar feedback can dynamically heat the dark mat-
ter structure of dwarf galaxies, reducing the central density of
dark halos and creating central dark matter cores, providing so-
lutions to the cusp-core problem and related too-big-to-fail prob-
lem (Mashchenko et al. 2008; Governato et al. 2010; Pontzen &
Governato 2012; Zolotov et al. 2012; Madau et al. 2014; Chan
et al. 2015; Oñorbe et al. 2015; Read et al. 2016; Tollet et al.
2016; Fitts et al. 2017).
These baryonic physical processes have also been shown to
be crucial to reproduce realistic dwarf galaxies in the Local Vol-
ume. Indeed, modern hydrodynamic simulations of dwarf galax-
ies (e.g., Brooks & Zolotov 2014; Shen et al. 2014; Oñorbe et al.
2015; Wheeler et al. 2015; Fitts et al. 2017) have achieved great
success in reproducing the observed properties, such as stellar
mass content (e.g., Behroozi et al. 2013; Moster et al. 2013;
Brook et al. 2014; Garrison-Kimmel et al. 2014; Read et al.
2017; Jethwa et al. 2018), cold gas content, star formation his-
tory (e.g., Tolstoy et al. 2009; Weisz et al. 2011; Weisz et al.
2014; Brown et al. 2014), mass-metallicity relationship (e.g.,
McConnachie 2012; Kirby et al. 2013, 2014), stellar and gas
kinematics and morphological properties (e.g., McConnachie
2012) in field and satellite dwarf galaxies in the local Universe.
With ever increasing resolution, simulations are now capable of
probing formation of ultra-faint dwarf galaxies (UFDs) in and
making predictions for upcoming deep surveys from telescopes
such as the Vera C. Rubin Observatory (e.g., Fitts et al. 2017; Re-
vaz & Jablonka 2018; Wheeler et al. 2019; Wright et al. 2019a;
Munshi et al. 2019; Agertz et al. 2020, Applebaum et al. in
prep.). All these simulations have confirmed that, at least in the
regime of classical dwarfs (Mvir ∼ 1010M), galactic outflows
driven by stellar feedback is of critical importance to suppress
star formation, reduce stellar bulge-to-disk ratio, lower the in-
testellar medium (ISM) metallicity and enrich the CGM.
Despite the consensus on the importance of galactic winds
in dwarf galaxy formation, large uncertainties persist in how the
winds are driven. As the ISM physics is typically not resolved
in full cosmological simulations (although some simulations are
approaching it, see e.g., Wheeler et al. 2019; Agertz et al. 2020),
sub-grid feedback models are often used to alleviate the nu-
merical “overcooling” problem, whereby energy injected to the
ISM is rapidly cooled away due to unresolved ISM structures.
Many studies have investigated supernova feedback, perhaps the
most important process to drive galactic wind in dwarf galaxies.
Different approaches of subgrid models were explored, ranging
from kinetic feedback models where wind mass loading and ve-
locities are predetermined (Springel & Hernquist 2003; Oppen-
heimer & Davé 2006; Dalla Vecchia & Schaye 2008), to explicit
models where radiative cooling is temporary shut-off (Stinson
et al. 2006; Agertz et al. 2011; Teyssier et al. 2013), to mechan-
ical feedback where the momentum boost during the unresolved
adiabatic phase is calibrated through small-scale ISM simula-
tions and injected into the ISM (Hopkins et al. 2014; Kimm &
Cen 2014; Smith et al. 2018). Simulations of dwarf galaxies in
recent years often adopt one of these approaches for supernova
feedback. Although many are considered successful in reproduc-
ing observations, little work is done to compare these models in
full cosmological simulations. It is thus important to gauge how
the evolution of simulated dwarf galaxies (especially at the low
mass end) is dependent on feedback models, therefore providing
more robust model with realistic uncertainties for future obser-
vations.
Moreover, most existing supernova feedback model individ-
ual supernova explosions. However, recent studies such as Nath
& Shchekinov (2013) and Sharma et al. (2014), have pointed
out that stars form in clusters and, through multiple repeated su-
pernovae explosions, they generate the so-called superbubbles,
which contains hot gas, and the sharp temperature gradients be-
tween hot and cold gas make thermal conduction an extremely
important process.
Thus, Keller et al. (2014) proposed the superbubble model,
where the thermal conduction between cold and hot phases of
sub-resolution multi-phase particles is included, as well as a
stochastic evaporation model for cold gas. As shown by Mac
Low & McCray (1988), thermal conduction describes the mass
flow from the cold shell into the hot gas, therefore controls how
much gas is heated by feedback. Bubble temperature and mass
is determined by the evaporation process, along with radiative
cooling, without the need of additional free parameters and nat-
urally avoiding the overcooling problem. In this way, superbub-
bles efficiently converts feedback energy into thermal and kinetic
energy in the hot and the cold phases, respectively. In Keller et al.
(2015) and Keller et al. (2016), they performed the first cosmo-
logical simulations of halos with mass Mvir > 1011 M with su-
perbubble feedback, and shown that as this model can launch
strong galactic outflows, effectively regulating star formation
from early on (z > 2). The simulations with supperbubble-driven
outflows reproduce many observed properties of L∗ galaxies.
More recently, a new theoretical framework was proposed in
Keller et al. (2020), where it was shown that outflows from su-
perbubble feedback have higher entropy and are continuously
accelerated in the CGM due to buoyancy. As a consequence, al-
though the winds have higher mass loading and lower velocities,
they tend to stay in the CGM in a longer timescale.
In this work, we extend the investigation to the formation of
low-mass dwarf galaxy regime, for halos with Mvir <∼ 1010M
by re-simulating the group of seven field dwarf galaxies pre-
sented in Shen et al. (2014) with the superbubble feedback model
from Keller et al. (2014). The original Shen et al. (2014) work
adopted the blastwave feedback (Stinson et al. 2006) and pro-
duced highly realistic dwarf galaxies (two classical dwarfs and
two faint dwarfs), including their dark matter cores (Madau et al.
2014). The goal of this work is to investigate whether the su-
perbubble feedback model, which provides a more accurate de-
scription of the underlying physics, can produce realistic isolated
dwarf galaxies in the ΛCDM framework, without involving an
ad-hoc delayed cooling prescription. In addition, we compare
the superbubble model with the blastwave feedback model, and
explore in detail how sensitive the formation and properties of
dwarf galaxies depends on feedback models.
The paper is organised as follows. In Section 2, we present
the details our simulations, briefly summarizing the main fea-
tures of the superbubble model. In Section 3, we describe the
two galaxies that formed within our simulation and we compare
their properties to the results of previous numerical studies and
to the observations. In Section 4, we study the properties of the
host dark matter halos, with particular focus on the cusp–core
transformation induced by stellar feedback. In Section 5, we
analyse the impact of stellar feedback on the formation of ultra-
faint dwarf galaxies. We compare the CGM surrounding the two
galaxies to absorption line observations in Section 6, and present
our conclusion in Section 7.
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Fig. 1. Projected dark matter (left panel) and gas (right panel) density fields of the simulated dwarfs at z = 0, in as region of 500 kpc on a side
within the zoomed-in region. The projections are centered on Bashful, the most massive among the two simulated dwarfs. The virial radii of the
Bashful and Doc are marked by the white circles.
2. Simulation
The simulation is performed by using the TreeSPH code GASO-
LINE2 (Wadsley et al. 2017), with the same initial conditions and
numerical setup as in Shen et al. (2014). In brief, the cosmology
we adopt is identified by Ωb = 0.042, Ωm = 0.24, ΩΛ = 0.76,
h = 0.73 and σ8 = 0.77. At redshift z = 0, the simulation box is
about 25 Mpc on a side, with an embedded high resolution region
of about 2 Mpc on a side. The latter contains 6 millions of dark
matter particles and an equal number of SPH particles, with mass
resolution of mdm = 1.6 × 104 M and msph = 3.3 × 103 M, re-
spectively. The gravitational softening length, G, is set to 86 pc
(physical) from z = 9 to present, while it evolves as 1/(1+z) from
the initial redshift of z = 129 to z = 9. The smoothing length
of SPH particles is allowed to shrink up to 0.1 G. The simula-
tion includes radiation from a UV background from Haardt &
Madau (2012) and cooling from primordial and metal species
over a temperature range of T = 10−109 K as described in Shen
et al. (2010).
The star formation recipe follows the Schmidt law (Schmidt
1959):
dρ∗
dt
= 0.1
ρgas
tdyn
∝ ρ1.5, (1)
where ρ∗ and ρgas are respectively the stellar and gas densities,
while tdyn represents the local dynamical time. Star formation
occurs stochastically when gas simultaneously reaches tempera-
tures T < 104 K and exceeds a given density threshold of nH =
100 atoms cm−3. A single star particle represents a simple stellar
population with its own age, metallicity and initial mass function
(IMF). Initially, the mass of each star particle is m∗ = 103M
and its IMF is determined according to Kroupa (2001). As each
stellar population evolves, energy, mass and metals are injected
into the ISM through Type Ia and Type II supernovae and stellar
winds. While the stellar wind and Type Ia supernova feedback
models remain the same as in Shen et al. (2014) as described
in Stinson et al. (2006) (without cooling shutoff), Type II su-
pernova feedback follows the superbubble model described in
Keller et al. (2014). In brief, the novelty of this model relies in
three main components: thermal conduction, stochastic evapora-
tion of cold gas and sub-resolution multi-phase particles.
Thermal conduction represents an important process in or-
der to model accurately the evolution of superbubbles. In pres-
ence of temperature gradients, the heat flux Q is computed as
Q = −κ∇T , where T is the temperature, and κ(T ) is the conduc-
tion coefficient. κ(T ) can be approximated by κ0T 5/2 in which
κ0 = 6.1 × 10−7 erg s−1 K−7/2 cm−1 in case magnetic fields are
not present (Cowie & McKee 1977). As heat transfer is medi-
ated by electrons, a mass flux from cold to hot phase (i.e. evapo-
ration of cold gas) must also be present in order to not generate
currents in the fluid. However, this process takes place on spa-
tial scales which are too small to be resolved. Therefore, Keller
et al. (2014) introduced a sub-grid treatment for evaporation of
cold gas. Given the internal temperature T and the surface area
A of the hot bubble, the mass variation is computed according to
the following formula:
dMb
dt
=
4piµ
25kB
κ0
∆T 5/2
∆x
A , (2)
where ∆x corresponds to the thickness of the boundary layer be-
tween cold and hot gas. In practise, we adopt an area estimate of
A = (6pih2)/Nhot and ∆x = h, where h is smoothing length of a
given hot particle in the bubble and Nhot is the number of neigh-
boring hot particles. Cold gas particles are evaporated into the
hot phase stochastically by converting Eq. (2) into a probability
per time-step. Evaporated gas particles then receive half of the
thermal energy of the hot gas particle that causes their evapora-
tion.
At early stages of the formation of a bubble or, in low resolu-
tion simulations, resolution limits often prevent a proper estima-
tion of temperature and density, yielding once again to an over-
cooling problem. In the superbubble model, rather than shutting
down cooling for a given amount of time as done in Stinson et al.
(2006), fluid elements are allowed to temporarily enter a multi-
phase state. Numerically speaking, particles are defined as cold
if their temperature falls below a given threshold of Tth = 105
K. During feedback events, energy is dumped into surrounding
gas and particles enter a two-phase state, carrying two values of
mass and energy for the hot and the cold phases, which are as-
sumed to be in pressure equilibrium. Thus, each particles have
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Fig. 2. Present day stellar mass fraction of dwarf galaxies. The filled
colored circles represent Bashful (red) and Doc (blue) simulated with
the supebubble feedback. The empty circles, with colored edges, corre-
spond to Bashful (red), Doc (blue), Dopey (purple) and Grumpy (green)
simulated in Shen et al. (2014), with the blastwave feedback model.
The empty grey squares represent the sample of isolated dwarf galaxies
analysed in Read et al. (2017). The black lines report the low-mass ex-
trapolation of the stellar mass–halo mass relation provided by Behroozi
et al. (2013) (solid), Moster et al. (2013) (dashed), Brook et al. (2014)
(dot-dashed), and Brook et al. (2014) (dotted).
total mass and energy:
m = mhot + mcold , (3)
E = uhotmhot + ucoldmcold , (4)
where u corresponds to the internal energy per unit of mass.
By means of Eq. 3 and Eq. 4, the density of each particle’s phase
is then computed by assuming pressure equilibrium. PdV work
onto multi-phase particles are distributed to the two phases ac-
cording to their current energy fractions, thus preserving pres-
sure equilibrium. At each time-step, the mass flux between the
two phases is determined by the evaporation rate given by Eq. 2.
More explicitly,
dMb
dt
=
16piµ
25kB
κ0T
5/2
hot h , (5)
where h is the SPH smoothing length. Once the temperature of
the hot phase falls below Tth, or the cold phase entirely evapo-
rates, the given particle returns to a single-phase state.
Metal enrichment is modelled in the same way as in Shen
et al. (2014). Basically, the yields of oxygen and iron are tracked
separately according to Raiteri et al. (1996), and converted to
alpha-elements and iron-peak elements, respectively, assuming
solar abundances patterns (Asplund et al. 2009). Turbulent mix-
ing of metals (and thermal energy) are modelled with a variant of
the Smagorinsky (1963) turbulent diffusion model, as described
in detail in Shen et al. (2010).
3. The simulated dwarfs
At the present day, two field dwarf galaxies have formed in our
simulation, as we can see in Fig. 1, which shows the integrated
dark matter and gas density field. Following the same naming
convention as Shen et al. (2014), the two dwarfs Bashful and
Doc inhabit the two most massive dark matter halos found in the
high resolution region. Other dark halos present in the field, have
also accreted gas during the evolution of the simulated Universe.
However, in their case, gas was not able to cool enough to ig-
nite star formation. In particular, smaller dwarf galaxies found
in Shen et al. (2014), such as Dopey and Grumpy, are not able to
form here. This suggests that the formation of ultra-faint dwarf
galaxies is highly sensitive to external feedback mechanisms,
which we discuss in Section 5. Some global properties of the
four most massive halos in the simulation at z = 0 are listed in
Tab. 1. All of them are field dwarf galaxies with the nearest mas-
sive halo of Mvir = 2.5 × 1012 M are more than 3 Mpc away.
3.1. Stellar mass-halo mass relationship
At redshift z = 0, Bashful and Doc have stellar masses of
M∗ = 1.4 × 108 M and M∗ = 1.5 × 107 M, corresponding to
stellar mass fractions M∗/Mvir of 0.004 and 0.001, respectively.
Fig. 2 shows the stellar mass-halo mass relation (SMHM) for
the two dwarfs, together with abundance matching results from
Behroozi et al. (2013) and Moster et al. (2013), and more re-
cent relations derived from low mass Local Group dwarf galax-
ies (Brook et al. 2014; Garrison-Kimmel et al. 2014), and re-
sults from Read et al. (2017) where the stellar mass of isolated
dwarf galaxies are derived from fitting their rotation curves. As
shown in Fig. 2, the stellar mass fractions of Bashful and Doc
are in excellent agreement with abundance matching results from
Moster et al. (2013) and Brook et al. (2014). Both Bashful and
Doc appears slightly above the stellar-to-halo mass relations of
Garrison-Kimmel et al. (2014), but Doc lies below the Behroozi
et al. (2013) relation and the data points form Read et al. (2017).
Given the large uncertainties associated with the SMHM rela-
tion at low-mass regimes, our results are in general well consis-
tent with abundance matching results. Comparing to the results
from the simulations with the blastwave feedback in Shen et al.
(2014), Bashful has a similar stellar mass, whereas Doc’s stellar
mass has reduced by more than a factor of 2, indicating that the
superbubble feedback is more effective regulating star formation
for low-mass galaxies.
We used the Padova simple stellar populations models
(Marigo et al. 2008; Girardi et al. 2010) to compute broad-
band luminosities. Bashful and Doc have V-band magnitudes of
MV = −15.49 and −13.58, respectively. If they were to be ob-
served today, with values of B − V of 0.66 for Bashful and 0.35
for Doc, they would appear blue and they would be classified as
dwarf irregulars (dIrrs). At z = 0, in our simulation volume, the
two dwarfs are located within 160 kpc from each other.
3.2. Star formation history
In the left panel of Fig. 3, we plot the star formation histo-
ries (SFHs) of the two simulated dwarfs. Both Bashful and Doc
present an extended SFH, characterised by stochastic bursts,
each followed by a period of quiescence. Although photo-
heating from reionisation suppresses gas accretion, for halos
with masses of Bashful and Doc, the primordial gas is able to
cool down its temperature via Compton and radiative cooling
and condense at the center of the gravitational potential well. As
gas cools further, stars are ignited and, along with the first bursts,
SN-driven outflows deplete the central regions of star-forming
material. It follows a short quiescence phase, during which cold
gas is accreted towards the center and a new cycle starts again.
Bursty star formation is commonly seen in simulations with ex-
plicit, strong supernova feedback models (e.g., Governato et al.
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Name Mvir Rvir Rc Vmax M∗ Mgas MHI fb 〈[Fe/H]〉 MV B − V
(M) (kpc) (kpc) (km s−1) (M) (M) (M)
Bashful 3.57 × 1010 85.25 3.45 49.30 1.43 × 108 1.27 × 109 7.03 × 107 0.039 −1.22 −15.49 0.66
Doc 1.45 × 1010 63.23 1.86 39.40 1.48 × 107 3.66 × 108 2.72 × 107 0.026 −1.55 −13.58 0.35
Dopey 3.27 × 109 38.44 — 22.37 — 4.39 × 107 4.66 × 103 0.013 — — —
Grumpy 1.71 × 109 30.98 — 21.45 — 9.28 × 106 4.63 × 103 0.005 — — —
Table 1. Properties of the simulated dwarf galaxies at the present day. The different columns indicate, respectively, the name of the galaxy, virial
mass, virial radius, dark matter core radius, maximum circular velocity, stellar mass, gas mass, H I mass, baryon fraction fb ≡ (M∗ + Mgas)/Mvir,
mean stellar metallicity, V-band magnitude, and B − V color. Note that we define the virial radius as the radius enclosing a mean density of 93
times the critical density.
Fig. 3. Left panel: star formation history of Bashful (red) and Doc (blue), averaged a over time intervals of 140 Myr. Right panel: cumulative
star formation history of the simulated dwarf galaxies, with total stellar mass normalised to unity. The solid colored lines represent Bashful (red)
and Doc (blue) in our simulation, while the dashed colored lines correspond, with the same colors, to the dwarfs galaxies simulated in Shen et al.
(2014). The gray solid lines are the cumulative star formation histories of individual dwarf irregulars in the ANGST sample (Weisz et al. 2011).
2012; Teyssier et al. 2013; Shen et al. 2014; Oñorbe et al. 2015;
Fitts et al. 2017; Wright et al. 2019a), which often leads to rapid
change of inner gravitational potential wells and to a flattening of
central dark matter profiles (e.g., Governato et al. 2010; Pontzen
& Governato 2012; Madau et al. 2014). DM core formation is
also seen in our simulation, and we discuss this in more detail in
Section 4.
While the SFH of Bashful shows no sign of long interrup-
tion periods, Doc shows signs of strong suppression of star for-
mation over longer period of time. It completely stops forming
stars for a & 3 Gyr period between 0.5 < z < 0.1 and, after that, it
starts forming stars again. Investigations of resolved stellar pop-
ulations in the nearest dwarf galaxies found that bursts of star
formation can be separated in time by tens or hundreds of Myr
to a few Gyr (e.g., Tolstoy et al. 2009). This result is similar to
that in Wright et al. (2019a), where the authors simulated dwarf
galaxies in the mass range of Mvir ∼ 109−10 M and found that a
large fraction of them (∼ 20%) show at least one long period of
quiescence. In their work, the dwarfs resuming start formation
after a long period of quiescence tends to have a higher-than-
average ratio of MHI/M∗, and they started forming stars again
after experiencing interaction with streams or filaments of gas
from the cosmic web or nearby mergers. This appears to be also
the case in Doc, becasue the whole system is merging towards
z = 0.
In the right panel of Fig. 3, we plot the cumulative star for-
mation histories of the two dwarfs. For comparison, we plot
in the same figure cumulative star formation histories of indi-
vidual dIrrs found in the ACS Nearby Galaxy Survey Treasury
(ANGST) sample, previously analysed in Weisz et al. (2011), to-
gether with those of the dwarfs found in Shen et al. (2014). Both
Bashful and Doc are actively forming stars today, which is con-
sistent with observations of field dwarf galaxies. For instance, a
fraction of 80% of galaxies in the ANGST catalogue are actively
forming stars, and in Geha et al. (2012), they found that field
dwarfs with a stellar mass in the range 107M < M∗ < 109M
which are not forming stars today are extremely rare. In Weisz
et al. (2011), it was found that, on average, 50% of the stellar
mass of a dwarf galaxy is formed by redshift z ∼ 2, while 60%
prior to redshift z ∼ 1. As in the case of Shen et al. (2014), both
Bashful and Doc have SFHs highly compatible with those in the
ANGST catalogue.
In our work, Doc exhibits a similar trend to the correspond-
ing dwarf in Shen et al. (2014) in terms of cumulative star forma-
tion history, even if it exhibits fewer and generally smaller star
formation peaks, and longer periods of quiescence compared to
the case of the blastwave model. However, early star formation
in Bashful appears to be more suppressed with the superbubble
feedback, such that it forms half of its stellar mass by z . 1,
about 3 Gyr later than Bashful in Shen et al. (2014). This result,
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Fig. 4. Left panel: 1D line-of-sight stellar surface density profiles of Bashful (red) and Doc (blue), represented by the solid lines. The dashed
lines show the exponential fit of their stellar disks, I(R > 1 kpc) = Id exp(−R/Rd), with a characteristic scale of Rd = (2.07 ± 0.036) kpc for
Bashful and Rd = (0.88 ± 0.023) kpc for Doc. Right panel: stellar half-light radius-mass relation of the simulated dwarfs at z = 0. The filled
colored circles represent Bashful (red) and Doc (blue) in our simulation. The empty circles, with colored edges, correspond to Bashful (red) and
Doc (blue) simulated in Shen et al. (2014), with the blastwave feedback model. The other empty symbols represent satellite galaxies of the Milky
Way (diamonds) and Andromeda (squares), from the original sample of Local Group galaxies published by McConnachie (2012).
together with the fact that Doc has less stellar mass and longer
quiescent periods, indicate that the superbubble feedback is more
effective for low mass galaxies with M∗ ≤ 107 M, although we
note that the SFR in low mass galaxies like these may be subject
to strong stochastic effects (Keller et al. 2019).
3.3. Stellar distribution and kinematics
Both Bashful and Doc exhibit exponential stellar disks at the
present day. Solid lines in Fig. 4 (left panel) correspond to 1D
line-of-sight stellar surface densities as a function of the radial
distance from the center for Bashful and Doc. The dashed lines
correspond to exponential fits (I(R > 1 kpc) = Id exp (−R/Rd))
to their stellar disks, at radii between 1 < R < 5 kpc. The scale
length of the two stellar disks are Rd = (2.07 ± 0.036) kpc and
Rd = (0.88 ± 0.023) kpc, for Bashful and Doc, respectively. As
in Shen et al. (2014), the two dwarfs show no sign of central
bulge and the stellar disks extend to 5 kpc from the center. There
is a signature of a stellar core also in Doc’s stellar density pro-
file, similar to that in Shen et al. (2014), which is also seen in
the observed dIrr galaxy WLM (Leaman et al. 2012). It is worth
noting that the scale length of Bashful is more than twice as the
one in Shen et al. (2014) with the blastwave feedback (Rd = 0.97
kpc). One possible explanation is that star formation in Bashful
is shifted to later time with the superbubble feedback. The ISM
and stellar populations are generally more compact in high red-
shift galaxies due to more frequent merger events, and the sup-
pression of high-z star formation activities leads to larger disks
(Brook et al. 2012). Moreover, similar to dark matter particles,
stars are also collisionless particles. Thus, the same mechanism
which causes central dark matter particles to migrate outwards
(and thus creates dark matter cores) is also responsible for dy-
namical heating of the stellar disk. As we show in Section 4, su-
perbubble feedback also leads to rapid fluctuations of the central
potential well, resulting in a twice-as-large DM core in Bashful.
The strong correlation between DM core size and stellar disk
Fig. 5. V-band luminosity versus stellar 1D line-of-sight velocity dis-
persion of the two simulated dwarfs. The V-band luminosity is com-
puted by using the Padova simple stellar populations models (Marigo
et al. 2008; Girardi et al. 2010). The filled colored circles represent
Bashful (red) and Doc (blue) in our simulation. The empty circles, with
colored edges, correspond to Bashful (red), Doc (blue), Dopey (purple)
and Grumpy (green) simulated in Shen et al. (2014), with the blastwave
feedback model. The empty symbols show the observed LV − σ rela-
tion for satellite galaxies of the Milky Way (diamonds) and Andromeda
(squares), from the original sample of Local Group galaxies published
by McConnachie (2012).
scale length is consistent with previous suggestions by Pontzen
& Governato (2012), and also with observations (Gentile et al.
2009).
In the right panel of Fig. 4, we plot instead the stellar half-
light radius, denoted by R1/2, versus the stellar mass of the
simulated dwarfs, at z = 0. Bashful and Doc have R1/2 of
3.15 and 2.29 kpc, respectively, both are consistent (although
on the higher side) with satellites of the Milky Way and An-
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dromeda galaxies (McConnachie 2012). Similar to the disk scale
lengths, R1/2 from superbubble feedback appears to be signifi-
cantly larger than the ones in Shen et al. (2014) with the delayed
cooling model, especially in the case of Bashful. This is again
due to the late star formation history and stronger dynamical
heating from the superbubble feedback, as discussed before.
In Fig. 5, we show the V-band luminosity of the simulated
dwarfs against their 1D line-of-sight (LOS) stellar velocity dis-
persion (σ∗), together with the observational data of the dwarf
galaxies within the Local Group compiled in McConnachie
(2012). The velocity dispersion for each galaxy was computed
along 3 orthogonal lines of sight for all stars within 2 disk scale
lengths (Rd). The σ∗ of Bashful and Doc are 20.8 km/s and 14.8
km/s, respectively, and the LV–σ∗ relations of Bashful and Doc
appear highly consistent with the observations. There is no sys-
tematic difference in stellar kinematics between the superbub-
ble and blastwave models. As in Shen et al. (2014), we also
found that σ∗ increases with stellar age. Stars are born kine-
matically cold and heated by galaxy mergers and outflows. As
larger galaxies often form earlier, have higher star formation
rates, and undergo more merger events, it is reasonable to expect
that they have larger velocity dispersions. It has also been shown
that for satellite galaxies, tidal stripping can decrease σ∗ sig-
nificantly when dIrrs accrete onto larger galaxies and are trans-
formed into dSphs (e.g., Łokas et al. 2011; Brooks & Zolotov
2014), but this process is less relevant for field dwarf galaxies
like in this work. We also measured the stellar rotational veloc-
ities (vrot,∗) by taking the azimuthal velocities at 2Rd, and found
that vrot,∗ is 11.1 km/s and 13.6 km/s for Bashful and Doc, re-
spectively. Thus, the ratio between rotational velocity and veloc-
ity dispersion, (vrot/σ)∗, is 0.53 and 0.92 for Bashful and Doc,
respectively, which indicates that the stellar disks are pressure-
dominated ((vrot/σ)∗ <∼ 1). This is also consistent with observa-
tions of faint dIrrs (vrot <∼ 20 km/s) in the Local Volume, where
a large fraction of them are found dispersion-dominated.
3.4. Cold Gas Properties
As listed in Tab. 1, at z = 0, Bashful and Doc has total mass in
neutral hydrogen MHI = 7.03×107M and 2.72×107M, respec-
tively. Both values are approximately twice as much gas mass
compared to the corresponding dwarfs in Shen et al. (2014) with
the blastwave supernova feedback model, although their stellar
mass are comparable or smaller. It appears that the superbubble
feedback is able to retain more cold gas within the galaxies while
regulating star formation, and this can be seen in Fig. 6, where
we plot the relation between H I gas mass and V-band luminos-
ity for the two simulated dwarfs, together with the data sam-
ple published in McConnachie (2012). Bashful and Doc appear
to be consistent with the observed dwarfs in the Local Group.
The total amount of cold gas increase with stellar luminosity, be-
cause more massive galaxies can sustain galactic fountains and
re-accrete gas previously blown away by supernova feedback,
and cold gas is also less susceptible to photoionisation heating
from the UV background. Nevertheless, it is found that the ra-
tio of H I gas mass over stellar mass are generally decreasing
with increasing stellar mass, i.e. smaller galaxies are more gas
rich. For example, the ALFALFA extragalactic H I survey find
more than half of their sample has MHI/M∗ > 1, in particular
galaxies with M∗ . 107 M Huang et al. (2012). The H I gas
mass to stellar mass ratio MHI/M∗ are 0.49 and 1.83 for Bashful
and Doc, respectively, which are in excellent agreement with the
ALFALFA observations.
Fig. 6. Total neutral hydrogen (H I) mass versus V-band luminosity for
the simulated dwarf galaxies. We compute the H I mass directly from
the simulation, where the abundance of H I is calculated by integrating
the ionisation equations for primordial species. The filled colored cir-
cles represent Bashful (red) and Doc (blue) in our simulation, at z = 0.
The empty circles, with colored edges, correspond to Bashful (red), Doc
(blue), Dopey (purple) and Grumpy (green) simulated in Shen et al.
(2014), with the blastwave feedback model. The empty symbols rep-
resent satellite galaxies of the Milky Way (diamonds) and Andromeda
(squares), from the original sample of Local Group galaxies published
by McConnachie (2012). The dashed line indicates LV/MHI =1.
In contrast to stellar kinematics, the cold gas disks of these
systems appear to be rotationally supported. At z = 0, Bashful
and Doc have HI velocity dispersion (σHI) of 11.8 km/s and
4.9 km/s, respectively, in good agreement with observed σHI
for dIrrs in the Local Group (Stilp et al. 2013). The vrot/σ ra-
tio for the HI disk is 1.78 for Bashful and 3.52 for Doc, signif-
icantly higher than the ratios for the stellar disks. Interestingly,
the vrot/σ ratio for cold gas is larger in our simulation than in
Shen et al. (2014) with the delayed cooling model. The HI gas
has higher rotational velocity and lower velocity dispersion, sug-
gesting that the cycle of baryons modulated by the superbubble
feedback retains more high angular momentum gas, and gen-
erates less perturbations in the ISM. We defer a more detailed
study of the angular momentum of the accreting gas, outflows,
the CGM and the ISM in a future work.
We note that Dopey and Grumpy also have a small amount
of neutral hydrogen, of order a few times 103 M, which is sig-
nificantly less than the total gas mass within the halo (about
107 M), indicating most gas is in ionised form. Unlike in Shen
et al. (2014), gas in these two halos is generally unable to cool
and fuel star formation due to the influence from the neigbouring
more massive halos. We discuss this further in Section 5.
3.5. Mass-metallicity relationship
In the left panel of Fig. 7, we plot the gas-phase oxygen abun-
dance versus stellar mass for the two simulated dwarfs. In the
same figure, we also show the mass-metallicity relation observed
over several orders of magnitude in stellar mass, from the bright-
est spirals to dIrrs (Lee et al. 2006; Woo et al. 2008; Mannucci
et al. 2011; Berg et al. 2012; Skillman et al. 2013). Note that,
the observed mass-metallicity relation holds only for star form-
ing galaxies, as gas-phase oxygen abundances are inferred from
emission lines due to photo-ionization processes from young
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Fig. 7. Left panel: stellar mass-gas phase metallicity relation of low-mass galaxies. The filled colored circles represent Bashful (red) and Doc
(blue) in our simulation, at z = 0. The empty circles, with colored edges, correspond to Bashful (red), Doc (blue), Dopey (purple) and Grumpy
(green) simulated in Shen et al. (2014), with the blastwave feedback model. Other symbols show the observed stellar mass-gas phase metallicity
relation for nearby dwarf irregulars (empty squares Lee et al. 2006), Local Group dwarfs (empty triangles down Woo et al. 2008), host galaxies
of z < 1 long gamma-ray bursts (empty triangles up, Mannucci et al. 2011), low–luminosity galaxies in the local volume (empty diamonds Berg
et al. 2012), and Leo P (black filled star Skillman et al. 2013). Right panel: stellar metallicity versus V-band luminosity for the simulated dwarf
galaxies at z = 0. Our simulated dwarf galaxies and those simulated in Shen et al. (2014) are represented with the same colors and symbols as in
right panel. The empty symbols represent satellite galaxies of the Milky Way (diamonds) and Andromeda (squares), from the original sample of
Local Group galaxies published by McConnachie (2012).
stars. Also the global shape of the curve strongly depends on the
empirical calibration used and, as a consequence, the gas-phase
oxygen abundances can differ up to 0.7 dex, as shown by Kewley
& Ellison (2008). The gas-phase oxygen abundances estimated
for Bashful and Doc follow the measured mass-metallicity rela-
tion remarkably well.
In the right panel of Fig. 7, the average metallicity of Bash-
ful and Doc are plotted and compared together with the V-band
luminosity-metallicity relation measured for the dSph satellites
of the Milky Way, by McConnachie (2012), which spans sev-
eral dex in luminosity. Although the very low luminosity tail of
the observed V-band–metallicity relation, corresponding to ultra-
faint dwarf galaxies, exhibits a lot of scatter, the luminosity range
which brackets our two dwarfs is well constrained. The low lu-
minosity of low mass galaxies is attributed to the old stellar pop-
ulations, as opposed to higher mass systems where the majority
of stars formed more recently.
4. Dark Matter
The inner structure of dark matter halo hosting dwarf galaxies,
at the present day, is different from what was expected from
early predictions. In many studies, such as Walker & Peñarrubia
(2011), Adams et al. (2014), Amorisco & Evans (2011), Agnello
& Evans (2012), and Oh et al. (2015), it has been claimed that
observational data favours shallow dark matter density profiles
in the innermost region, in form of cores. Despite halos in dark
matter only simulations exhibit density profiles well fitted by a
universal NFW profile (Navarro et al. 1996), recent works have
shown how repeated and violent bursts of supernova explosions
can significantly affect the central gravitational potential wells
of dwarf galaxies in short time scales, which transfers kinetic
energy from gas to dark matter particles and lead to cusp-core
transformation (e.g., Read & Gilmore 2005; Governato et al.
Fig. 8. Present day dark matter density profiles of Bashful (red) and Doc
(blue). The solid lines represent the hydrodynamic simulation, while
the dashed lines correspond to the DM only control run. The dotted
vertical lines denote the radius within which numerical convergence is
not achieved, due to two-body relaxation (Power et al. 2003).
2010, 2012; Peñarrubia et al. 2012; Pontzen & Governato 2012;
Madau et al. 2014; Oñorbe et al. 2015; Fitts et al. 2017).
In Fig. 8, we plot the present day dark matter density profiles
for Bashful and Doc and we compare them with the correspond-
ing profiles in the DM-only control run. Core formation is ob-
served in the dark matter profiles for both galaxies even at high
redshift. The profiles are well fitted by the pseudo–isothermal
fitting formula (Oh et al. 2008):
ρDM(r) =
ρ0
1 + (R/Rc)2
, (6)
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Fig. 9. Left panel: temporal evolution of the core size for the two dwarfs. The rich stellar activity of Bashful (red) leads to a central core which
consistently grows in time until it reaches a present day core radius of Rc = 3.45 kpc. During long quiescence periods, the dark matter core of Doc
(blue) remains stable, albeit with a slow decrease in size, and its the present day size is Rc = 1.86 kpc. Right panel: evolution of the core radius for
Bashful (red) and Doc (blue), as a function of their stellar masses.
Fig. 10. Temporal evolution of the total baryonic mass enclosed within
500 pc from the center of the two simulated dwarfs. The solid lines
correspond to Bashful (red) and Doc (blue) in our simulation, with the
superbubble feedback model. With the same color convention, the same
two dwarfs analysed in Shen et al. (2014) and Madau et al. (2014) are
represented with dashed lines.
where ρ0 and Rc are free parameters and they correspond to the
central density and the core radius, respectively.
The present day core sizes of Bashful and Doc are Rc =
(3.45 ± 0.082) kpc and Rc = (1.86 ± 0.032) kpc, respectively.
The core size of Bashful is twice as large as the one reported in
Madau et al. (2014) (1.77 kpc), although it only has about 20%
more stellar mass. Likewise, Doc has a DM core with similar size
as in Madau et al. (2014) (2.07 kpc) but its total stellar mass is
only about half of that in Madau et al. (2014). The differences
in dark matter mass within 3.5 kpc between the dark matter-
only run and the hydrodynamic run, ∆MDM, are 5.79 × 108 M
and 2.89 × 108 M for Bashful and Doc, respectively. And the
“DM core removal efficiency”, defined as ∆MDM/M∗, are 6.55
for Bashful and 19.39 for Doc, significantly higher than that in
Madau et al. (2014). This suggests that the superbubble feedback
is more effective in creating DM cores.
The evolution of Rc as a function of time (redshift) is shown
in the left panel of Fig. 9. Similar to Madau et al. (2014), core
formation starts early, because unbinding of the cusp is less
energetically demanding when the halo has a shallower poten-
tial well. More quantitatively, the minimum energy required for
the cusp-core transformation was estimated in Peñarrubia et al.
(2012) as ∆W/2 ≡ (Wcore−Wcusp)/2, where W is the gravitational
binding energy of the dark matter halo,
W = −4piG
∫ Rvir
0
ρDMMencR dR . (7)
Here, ρDM is the dark matter density, while Menc corresponds
to the total mass enclosed in a sphere of a radius R. We es-
timated ∆W/2 and compare this with the total energy injected
by Type II supernova (∆ESN), and find that ∆ESN > ∆W/2
at all times for Bashful and Doc, this again is in agreement
with results from Madau et al. (2014). For example, at z = 0,
(∆ESN,∆W/2) = (2.6 × 1057 erg, 4.7 × 1056 erg) for Bashful and
(2.7 × 1056 erg, 1.1 × 1056 erg) for Doc. By z = 2, DM cores
of size ∼ 1 kpc have already been in place for both galaxies. At
a given redshift, the size of the core and the central density of
dark matter halos is strongly correlated with their prior star for-
mation history. In this case, the rich stellar activity of Bashful,
with frequent and continuous bursts, allows its core to grow in
size until the present day. During long periods of quiescence, the
DM core of Doc remains stable, indicating the core-formation
process is largely irreversible, as suggested in Pontzen & Gover-
nato (2012). However, the core size does decrease slightly, pos-
sibly due to new infalling material with high phase-space den-
sity. However, this process takes place over a time scale much
longer than the core growth timescale induced by stellar bursts,
as shown in left panel of Fig. 9.
In the right panel of Fig. 9, we plot the evolution of the core
radius as a function of the stellar masses of the two simulated
dwarfs. Stellar masses of M∗ & 106M are enough to produce
a central cores as large as ∼ 1 kpc, which is similar to what is
found with the blastwave model Madau et al. (2014), and is in
good agreement with the results of Oñorbe et al. (2015) and Fitts
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et al. (2017). In general, dark matter halos with lower masses
have also lower stellar contents, resulting in an insufficient en-
ergy input from stellar feedback to relax dark matter density
cusps into shallower central densities (Governato et al. 2012;
Di Cintio et al. 2014; Madau et al. 2014; Oñorbe et al. 2015).
The minimum stellar mass required for the cusp–core transfor-
mation and the typical core sizes appear to vary depending on
the feedback models employed. The amplitude fluctuations of
the central gravitational potential depend upon the dynamics of
the large-scale galactic outflows, which is determined by how the
underlying feedback model operates. The existence of a transi-
tion stellar mass, below which stellar feedback results ineffective
in forming dark matter cores, is related to the strong dependence
of the M∗ and the Mvir, as halos with only tiny differences in
virial masses can vary by orders of magnitude in stellar con-
tent. For example, in Sawala et al. (2016) and Revaz & Jablonka
(2018) no dark matter core was found beyond the gravitational
softening length of particles, while in Read et al. (2016) dark
matter cores were found at all probed halo masses.
To investigate why the superbubble feedback is more effec-
tive creating DM cores, we plot the temporal evolution of to-
tal baryonic mass within 500 pc from the center for both runs
in Fig. 10. Energetic bursts of star formation shown in Fig. 3
are closely tracked by the cyclic behaviour of the total baryonic
mass within 500 pc from the center of Bashful and Doc. The
fluctuations in the central baryonic mass found for our simulated
dwarfs have very similar amplitude to the ones found in Madau
et al. (2014), but in general the superbubble feedback is more ef-
fective in quenching star formation. By explicitly modelling the
thermal conduction between the hot and the cold phase of feed-
back particles, the superbubble model describes better the con-
version of thermal energy injected by SNe into kinetic energy.
This results into a higher coupling between the energy released
by SNe and the ISM. This explains why, especially for Doc, in
our simulation the total amount of gas mass converted into stars
is generally lower than in Madau et al. (2014) at a given redshift,
but the fluctuations in the total baryonic content within 500 pc
from the center of the simulated dwarfs is very similar in the two
cases. In addition, in our simulation Bashful have a present day
stellar mass similar to the corresponding dwarf in Madau et al.
(2014). However, Fig. 3 shows that the stellar activity of Bash-
ful is distributed within the entire life of the galaxy and its dark
matter core consistently grows until the present day. Instead, in
Madau et al. (2014) the stellar activity of the same dwarf is more
concentrated within the first ∼ 9 Gyr and, as a consequence, the
dark matter core of Bashful does not grow much after 9 Gyr.
However, it is worth nothing that stochasticity in numerical sim-
ulations may alter the SFH (e.g., Keller et al. 2019) and hence
core formation, growth and final size.
5. What killed Dopey and Grumpy?
Dopey and Grumpy, the two faint dwarf galaxies found in Shen
et al. (2014), do not form in our simulation. The gas in their
halos appear not cold and dense enough to ignite star forma-
tion. Although the dark matter halo assembly for Dopey and
Grumpy in our simulation are nearly identical to those in Shen
et al. (2014), the halos accrete less gas, as shown in Fig. 11 (the
purple and green lines for Dopey and Grumpy, respectively).
The reduction of gas accretion occurs early (around 2-3 Gyr),
and lasts throughout cosmic history. As Dopey and Grumpy
did not form stars themselves, this reduction is entirely due to
feedback from the nearby more massive galaxies, Bashful and
Doc. As shown in Keller et al. (2020), the entropy-driven out-
Fig. 11. Temporal evolution of the baryonic fraction fb ≡ (M∗ +
Mgas)/Mvir of the Bashful (red), Doc (blue), Dopey (purple) and Grumpy
(green). The solid lines correspond to the dwarfs simulated with the su-
perbubble feedback, while the dashed lines correspond to the dwarfs
simulated in Shen et al. (2014) with the blastwave feedback.
flows unique to the superbubble feedback generally have higher
temperature and higher mass loading at the ISM. And because
Dopey and Grumpy are only 100 - 250 kpc away from the Bash-
ful and Doc at majority of the time(well within the influence of
galactic winds from the two more massive galaxies), the out-
flows heat the CGM of these small halos to temperatures of or-
der the virial value, suppressing their gas accretion, and subse-
quently lower halo gas densities, producing longer cooling time
(as tcool ∝ 1/ρ). In other words, galactic winds from Bashful
and Doc serve as a form of “preventive feedback” for Dopey and
Grumpy.
In addition, Dopey and Grumpy are influenced by Bashful
and Doc in other ways, which further prevent gas from condens-
ing into the centres of their potential wells. In Fig. 12 we com-
pare the gas properties within the dark halos where Dopey (up-
per row) and Grumpy (bottom row) are supposed to form, prior
to their formation times, in case the stellar feedback is described
by the superbubble (left column) and the blastwave (right col-
umn) models.
5.1. Dopey - absence of CGM metal transfer
In Shen et al. (2014), Dopey starts forming the first stars around
redshift z ∼ 0.211, and the star formation is triggered by an inter-
action with a nearby dark halo. The gas accreted by its dark mat-
ter halo has metallicity of order 10−2 − 10−1Z (as shown in the
upper right panel of Fig. 12). This is drastically different in our
simulation. As shown in the upper left panel of Fig. 12, the halo
gas of Dopey is largely primordial at z = 0.211, which further
reduce the cooling rate compared to the blastwave simulation,
preventing gas from forming stars. Since Dopey has not formed
any stars yet in either case, the metal enrichment of Dopey’s halo
gas are from the CGM of Doc and Bashful. This “intergalactic
metal transfer” is also seen in cosmological simulations of more
massive systems (Shen et al. 2012; Muratov et al. 2017; Anglés-
Alcázar et al. 2017), but as galactic winds from dwarf galaxies
usually have higher mass and metal loading factor (e.g., Chris-
tensen et al. 2018), majority of metals produced in these galax-
ies are ejected to the CGM, thus metal transfer between CGM
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Fig. 12. Upper row: metallicity slice of gas around Dopey’s dark halo in our simulation with the superbubble feedback model (left) and in the
simulations of Shen et al. (2014), with the blastwave feedback model (right), at redshift z = 0.211. Bottom row: temperature slice of gas within
Grumpy’s dark halo in our simulation with the superbubble feedback model (left) and in the simulations of Shen et al. (2014), with the blastwave
feedback model (right), at redshift z = 0.377. The virial radii of Dopey and Grumpy are marked by the white circles.
is more likely occur in field dwarf systems. The absence of en-
riched gas in Dopey’s halo in our simulation implies that the ex-
tent of the metal-enriched CGM is smaller with the superbubble
feedback than the one with the blastwave model. This is again
due to the difference in feedback models. We will explore the
CGM in more detail in Section 6.
5.2. Grumpy - here it was the butler
For the case of Grumpy, the situation is somewhat different than
for Dopey. By the time Grumpy formed in the previous simula-
tion with the blastwave feedback (at z ∼ 0.377), the halo gas in
Grumpy has higher average temperature (T ∼ 4.3 × 104 K) than
the blastwave case (T ∼ 2.1 × 104 K) in Shen et al. (2014). As
shown in the lower panels of Fig. 12, some gas reaches ∼ 105
K right outside the virial radius. The average halo gas density
is also significantly lower, with number density n ∼ 2.4 × 10−5
atoms/cm3 instead of 9.4×10−5 atoms/cm3 in the blastwave run.
In addition to the prevention of gas accretion discussed be-
fore, here the heating and dispersion of Grumpy’s halo gas is a
direct result of the active star formation in Bashful at low redshift
in our simulation. Multiple galactic winds driven by supernova
explosions in Bashful have swept through Grumpy’s halo right
before z = 0.377, one is clearly visible in Fig. 12 and an ear-
lier wind was found around z ∼ 0.67, after a strong starburst in
Bashful. The combination of heating and decreased density pre-
vents gas from cooling and condensing into the halo center and
forming stars. Since the gas remains diffuse, strong ram-pressure
stripping occurs when Grumpy interacts with Doc (as shown in
the baryon fraction “dip” around 12.5 Gyr in Fig. 11). At later
times, gas re-accretes, and at z = 0 the halo has total gas mass of
Mgas = 9.3×106M a baryon fraction of 0.005, not very different
from Dopey. However the gas remains diffuse and warm, unable
to ignite star formation.
In Shen et al. (2014), Dopey and Grumpy lack an old stellar
population, have blue colors and very compact morphologies,
similar to the properties of extremely metal-deficient compact
dwarfs (XBCDs) (Papaderos et al. 2008). The failure of the for-
mation of Dopey and Grumpy in our simulation underlines the
fact that the formation such low mass dwarf galaxies are highly
stochastic, and likely to be sensitive to physical processes such as
gravitational interactions, feedback, ionising radiation from UV
background and local sources, and star formation models (e.g.,
Munshi et al. 2019). However, it is important to mention that
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our simulation describes a particular case and not all galaxies
hosted by halos with Mvir < 1010 M are influenced by neigh-
bouring galaxies like in our groups of dwarfs. It is also worth
noting that the lack of pre-reionisation star formation can be an
artefact from resolution and how reionisation is modelled in our
simulation (UV background is turned on instantaneously). Al-
though in Shen et al. (2014), star formation did not occur even
without UV beackground in a twin simulation by the time reioni-
sation is complete (z ∼ 6), higher resolution may enable gas self-
shielding more realistically which allows gas to have runaway
cooling and condensation. Some recent works (e.g., Oñorbe et al.
2015; Fitts et al. 2017; Wheeler et al. 2019; Wright et al. 2019b,
Applebaum et al. in prep.) do form ultra-faint dwarf galaxies
with predominately ancient stellar population. We reserve for the
future detailed investigations of the effects of superbubble feed-
back, non-uniform UV radiation and self-shielding using higher
resolution simulations of a larger population of dwarf galaxies.
6. The Circumgalactic Medium
Because of their shallower potential wells, the formation and
evolution of dwarf galaxies are highly dependent to how these
systems and their surrounding intergalactic medium (IGM) ex-
change energy, mass and metals. For example, as shown in Sec-
tion 3.5, strong galactic outflows eject 68.8% and 63.3% of the
metals ever produced in Bashful and Doc, respectively, into the
CGM and the IGM. The bursty star formation history (Fig. 3)
and the rapid changes of baryonic mass at the inner part of the
galaxies (Fig. 10) show that galactic outflows can temporary
evacuate the ISM. The mass loading factor of galactic winds at
the virial radii, defined as the mass ejection rate per unit star for-
mation rate (M˙w/M˙∗) often reach to values > 10, much higher
than that for more massive galaxies (e.g., Shen et al. 2013; Chris-
tensen et al. 2018). In turn, the properties of these outflows deter-
mine subsequent gas accretion and star formation, and the next
cycle of baryonic flows. In this section, we briefly investigate the
chemical imprints of the baryon cycles in the multi-phase CGM,
and compare our simulation with recent observations from ab-
sorption line studies of near field dwarf galaxies. As we show
in the following paragraph, the CGM remains a sensitive probe
to feedback mechanisms: the ionisation and chemical properties
of the CGM in our simulation differs significantly from those in
Shen et al. (2014) with the blastwave feedback model.
Fig. 13 shows the total column density (NZ) of metals at z =
0 for our simulation (left panel) and the result from Shen et al.
(2014) with the blastwave feedback (right panel). The extent of
the metal-enriched CGM, defined as the impact parameter from
the center of Bashful at which the covering fraction of NZ >
1012 cm−2 drops below 50%, is about 481 kpc, approximately 4.7
times Bashful’s virial radius (Rvir,B) at z = 0. Galactic outflows
are clearly very effective enriching the CGM. However, the size
of the metal bubble is much smaller than that from the blastwave
model (which reaches 16Rvir,B at z = 0), even though the total
mass of metals ejected are similar for both simulations. In many
ways, the superbubble feedback is less “ejective” for the halo
gas, and this is also reflected in the higher baryonic fractions
and higher MHI/M∗ (for Bashful and Doc, as shown in Fig. 6
and Fig. 11). This is also consistent with the theoretical model
proposed by Keller et al. (2020), where the entropy-driven winds
have relatively lower velocities.
In addition to the differences in feedback, the extent of metal
bubble is likely also a result from the star formation histories of
the two galaxies, especially Bashful. In our simulation, Bashful
forms about 50% of its total stellar mass by z & 1, whereas the
blastwave counterpart forms more than 80% in the same period.
Earlier star formation and outflows are more likely to escape the
halo potential well and reach larger distances.
In Fig. 14, we compare the column density maps of ionisa-
tion species H I, C IV, O VI, and Si II from our simulation as well
as from the simulation in Shen et al. (2014). We compute the ion-
isation fraction of each element using CLOUDY (Ferland et al.
1998), assuming the gas is under a uniform UV beackground at
z = 0 from Haardt & Madau (2012). As the star formation rates
at z = 0 for both galaxies are of order 10−2 M/yr, we do not
expect internal radiation to have a significant impact the ionisa-
tion state of CGM. The column density is computed using the
same analysis tool as described in Shen et al. (2013). In Fig. 15
we compare the 1D column density distribution of these ions as
a function of the impact parameter normalised by the galaxies’
virial radii (b/Rvir) with observed values from recent surveys tar-
geted on low mass dwarf galaxies (Bordoloi et al. 2014; Burchett
et al. 2016; Johnson et al. 2017; Zheng et al. 2019).
The column densities for different ions exhibit very different
distributions. First, we note that neutral hydrogen (H I) is perva-
sive. At b/Rvir ∼ 1, the median column density of H I around
our dwarf galaxies is N(H I) = 1.5 × 1014cm−2, and the covering
fraction for absorption systems with N(H I) > 1013.5cm−2 within
Rvir is 100%. This is consistent with observations, which often
find that H I Lyα absorption is ubiquitous around galaxies with a
large range of stellar mass (e.g., Werk et al. 2014; Burchett et al.
2016; Bordoloi et al. 2018). For example, Burchett et al. (2016)
find a very high detection rate (16 out of 21) of systems with
N(H I) > 1013.5cm−2 from the COS-Dwarfs survey for galax-
ies of stellar mass range logM∗/M = 8 − 9. The 1D column
density distribution for H I from our simulation also shows an
excellent agreement with the COS-Dwarfs data from Bordoloi
et al. (2014) and Burchett et al. (2016). It is interesting to note
that the N(H I)-b relationship from the Shen et al. (2014) simu-
lation using the blastwave feedback model is very similar to the
present work, which indicate that, unlike metal ions, the distri-
bution of H I is less sensitive to feedback mechanisms (provide
that the feedback launches sufficient outflows). The blastwave
model does produce a lower H I column density in the CGM,
consistent with the picture that gas (and metals) are spread to a
larger distances indicated by the metal bubble comparison from
Fig. 13.
In contrast to H I, the enriched cold gas appears to be concen-
trated within the galaxies. For example, the column densities of
Si II (tracing cold, T ∼ 104K gas) decrease rapidly to below 1012
cm−2 within 15.9 kpc from Bashful’s center (i.e., 0.19 Rvir,B).
This is because the diffuse CGM of low mass galaxies like Bash-
ful and Doc is highly ionised by the UV background, and ma-
jority of the metals are in fully ionised form. The silicon ions
tracing the cool diffuse gas, Si II, Si III and Si IV, only account
for 27.9% of the total silicon budget in the CGM. This is also in
agreement with recent CGM observations on field dwarf galaxies
of similar mass from Johnson et al. (2017), in which they found
non-detection of Si II (N(Si II)<∼ 1012 cm−2) around two galaxies
(D1 and D2 in their paper) with stellar mass around 108M. The
low and intermediate silicon ions (Si 2-4) add up to 2%-6% of
the total silicon mass. Zheng et al. (2019), on the other hand, did
detect Si II at a large impact parameter (45.2 kpc) around WLM
(which has M∗ = 4.3 × 107M), with column density around
1013 cm−2. A larger sample of observations and simulations on
the CGM around faint field dwarf galaxies is probably needed to
reach statistically significant conclusions.
Column density distribution of higher ionisation species,
such as C IV or O VI, appear to be more extended than Si II. For
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Fig. 13. Present day column densities for metals computed, in a region of 3 Mpc on a side, for our simulation with the superbubble feedback
model (left panel), and for the one computed in Shen et al. (2014), with the blastwave feedback model (right panel).
Fig. 14. Projections of the present day column densities computed, in a region of 1 Mpc on a side, for ions of different species: H I, C IV, O VI
and Si II. The upper row shows the present day column densities computed for our simulation, with the superbubble feedback model. Instead, the
bottom row shows the ones computed in Shen et al. (2014), with the blastwave feedback model.
the moderately ionised C IV, the median column density drops
below 1013.5 cm−2 (a common detection threshold) at 0.3Rvir,B,
about 24.75 kpc. At larger distances it appears mostly below the
observational points. However, observations from Burchett et al.
(2016) shows that C IV detection is associate with galaxies of
stellar mass > 109.5M, and is very rare for lower mass galax-
ies, and this is consistent with what we find here. Our results are
also in agreement with the D1 and D2 system in Johnson et al.
(2017), although again below the WLM data point. The column
density of highly ionized O VI decreases slower with impact pa-
rameter, and remains detectable (N(O VI)> 1013.5 cm−2) up to
∼ Rvir. Still, the mass in O VI accounts for merely 11.5% of the
total oxygen mass in the CGM. The column densities from our
simulation compare reasonably well with those in Johnson et al.
(2017), albeit slightly lower. For both C IV and O VI, the column
densities from the simulation in Shen et al. (2014) with the blast-
wave feedback are significantly lower (1 dex or more at larger
impact parameters) than those our simulation. Since the diffuse
CGM temperature is generally around a few times 104 K, the
main channel of producing intermediate and high ions is photo-
ionisation from the UV beackground. Thus, although the global
quantities such as stellar mass, size, kinematics, total metallic-
ity remains similar for runs with different feedbacks, the CGM
proved to be a more sensitive probe of feedback mechanisms.
In general, although dwarf galaxies eject majority of the met-
als into the CGM and the IGM, the column densities of com-
monly observed metal ions are lower than those associated with
more massive galaxies at similar redshift, especially for lower
ionisation species (e.g., Hummels et al. 2013; Oppenheimer et al.
2016; Nelson et al. 2018), and this trend is confirmed by observa-
tion data. This is likely due to several factors. First, field dwarf
galaxies reside in a low density environment, have lower star
formation rate and produce a smaller amount of metals. These
metals are spread over a larger volume, so the metallicity of the
CGM gas is lower. Second, both accretion flows and outflows ap-
pear to be diffuse. At least in our simulation, there is neither clear
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Fig. 15. Present day column densities for ions of different species: H I (upper left), C IV (upper right), O VI (bottom left) and Si II (bottom right).
On the x-axis, the impact parameter b is normalised by the virial radius of Bashful. The solid lines represent the present day column densities
computed for our simulation (red), with the superbubble feedback model, and for the simulation presented in Shen et al. (2014) (blue), with the
blastwave feedback model. The empty symbols correspond observations of the CGM around COS-Halos and COS-Dwarfs galaxies (empty circles
Bordoloi et al. 2014), nearby faint dwarf galaxies (empty squares Burchett et al. 2016), star-forming field dwarf galaxies (empty diamonds Johnson
et al. 2017), and the low-mass dwarf galaxy WLM (empty pentagon Zheng et al. 2019).
filamentary accretion nor clumpy outflows, both of which would
increase the column density and covering fraction of low ioni-
sation lines Shen et al. (e.g., 2013). Third, the low density envi-
ronment makes it easier for the gas to be photoionized to higher
states, thus the common lines only traces a small fraction of the
total metal budget. For ions like O VI, the origins around dwarf
galaxies may differs significantly from those around L∗ galax-
ies, with the latter being dominated by gas heated from feedback
or accretion shocks cooling through the window of T ∼ 105.5
K (i.e. peak of O VI abundance in collisionally ionisation mod-
els) (Roca-Fàbrega et al. 2019, Spilker er al. in preparation). We
defer a more quantitative study of CGM across different mass
galaxies in a forthcoming paper.
7. Conclusions
In this work, we presented the results of a hydrodynamic “zoom-
in” simulation of dwarf galaxies within the ΛCDM model, per-
formed with the code GASOLINE2. The simulation includes a
star formation recipe based on the Schmidt law, with high gas
density threshold, a metal-dependent radiative cooling and a uni-
form UV background, which modifies the ionization and excita-
tion state of the gas, and a scheme for the turbulent diffusion
of metals and thermal energy. The stellar feedback follows the
novel superbubble model, which includes a sub-resolution treat-
ment of multi-phase gas particles, thermal conduction between
cold and hot phases, and a model for stochastic evaporation of
cold clouds (Keller et al. 2014). The simulation adopts the same
initial conditions and numerical setup as in Shen et al. (2014),
with the prescription for the supernova feedback being the only
difference.
Within our simulation volume, only two luminous dwarfs
have formed by redshift z = 0, namely Bashful and Doc. If they
were to be observed today, Bashful and Doc would appear blue
and classified as dIrrs. We compared the two simulated dwarfs
with the results of Shen et al. (2014) and Madau et al. (2014),
in order to qualitatively study the difference between the super-
bubble and the blastwave feedback models. We also compared
them with dwarf galaxies observed in the Local Volume and with
the results presented in other recent numerical investigations of
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galaxy formation and evolution. In particular, we analysed the
stellar and cold gas properties of the two luminous dwarf galax-
ies, their star formation histories, their cusp-core transformation,
and the metal enrichment of their surrounding CGM. In addition,
we explored why the two faint galaxies formed in Shen et al.
(2014) failed to form in less massive halos (Mvir < 1010M) in
our simulation.
We summarise the main findings of our work in the follow-
ing:
– In general, Bashful and Doc have present day realistic prop-
erties. They have low star formation efficiencies, high cold
gas fractions and low metallicities, closely following the em-
pirical scaling relations found in dwarf galaxies observed
in the Local Volume. The superbubble feedback efficiently
suppresses star formation in lower mass galaxies, resulting a
factor of 2 less stellar mass in Doc comparing to the delay-
cooling model.
– Both Bashful and Doc have highly bursty star formation his-
tories due to the temporary evacuation of the ISM by galac-
tic winds. Although the SFHs are qualitatively similar to the
ones of the same dwarfs in Shen et al. (2014), the entropy-
driven winds from the superbubble feedback are less ejective
(at the halo/CGM scale), resulting in larger baryonic fraction
and a larger MHI/M∗ ratio for both galaxies. The superbub-
ble feedback also generates less turbulence in the HI disk,
leading to a higher vrot/σ ratio.
– The rapid cycles of depletion and re-accretion of gas in the
innermost regions of the halos lead to strong fluctuations of
the central gravitational potential, causing the central dark
matter cusps to flatten into cored density profiles. At z = 0,
the DM core sizes for Bashful and Doc are 3.45 and 1.86
kpc, respectively. The superbubble model appears more ef-
fective in destroying dark matter cusps than the previously
adopted delayed cooling model. For the same amount of stel-
lar mass formed, the superbubble feedback can remove up
to 2-3 times more mass from the cusp, suggesting a higher
coupling efficiency between the energy injected by SNe and
the ISM. Likewise, Bashful and Doc also have larger stel-
lar disks in our simulation than in Shen et al. (2014). The
strong correlation between the DM core size and the disk
scale lengths is consistent with previous work by Peñarrubia
et al. (2012) and also with observations (Gentile et al. 2009).
– In Shen et al. (2014), two additional UFD galaxies form,
namely Dopey and Grumpy. In our simulation, the two corre-
sponding dark halos never accrete gas cold and dense enough
to ignite star formation, and they remain dark due to the in-
fluence of Bashful and Doc. The superbubble-driven galactic
winds from Bashful and Doc are hotter and more pressur-
ized, which suppress gas accretion to the nearby halos for
Dopey and Grumpy. In addition, cooling time is further in-
creased for Dopey due to an absence of CGM metal trans-
fer (existed in Shen et al. (2014)). The halo gas of Grumpy
is first swept by winds from Bashful, then ram-pressure
stripped due to the close interactions with Doc, again leading
to a longer cooling time and failure of gas condensation. Our
results suggest that the formation of UFD galaxies strongly
depends upon the stellar feedback and environmental effects.
– Due to the shallow potential wells of dwarf galaxies, galac-
tic outflows are very effective in enriching the CGM. In our
simulation, the metal-enriched CGM extends to about 4.7Rvir
of Bashful, significantly smaller than the one in Shen et al.
(2014). This again suggests the superbubble feedback is less
ejective at the CGM scale (although very effective ejecting
gas at the galaxy center, as shown in Figure 10), consistent
with the analytical model of Keller et al. (2020). The smaller
extent of metal “bubble” directly results in the aforemen-
tioned absence of metals in Dopey’s halo.
– The column density distributions of H I, Si II, C IV and O VI
as a function of scaled impact parameter (b/Rvir) are in good
agreement with recent observations of CGM around isolated
dwarf galaxies. While H I is ubiquitous with a covering frac-
tion of unity within the CGM, low and intermediate ions like
Si II and C IV are less extended (typically confined within
0.2−0.3 Rvir), and non-detections are common. O VI is more
extended with column density N(O VI)>∼ 1013.5 cm−2 within
Rvir, but the mass in O VI is only 11% of the total CGM oxy-
gen budget, as the diffuse CGM is highly ionised by the UV
background. Superbubble feedback produces C IV and O VI
column densities that are an order of magnitude higher than
those with blastwave feedback.
In summary, the superbubble model better describes the
physics behind the supernova feedback process and it is capa-
ble of forming dwarf galaxies which closely resemble real ones,
reproducing the stellar mass and the cold gas content, bursty star
formation histories, the stellar kinematics, and metallicities of
dwarf galaxies observed in the Local Volume. The impact of SN
feedback on the host dark matter halos and the metal enrich-
ment of the CGM represent the most sensitive probes of feed-
back mechanisms.
Future work will aim to improve the results obtained here,
perhaps increasing the simulation volume to have a larger sample
of dwarf galaxies.
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